ABSTRACT. The effect of RF sheaths during ion Bernstein wave heating of tokamak plasma has been considered. Owing to the presence of a strong component of the RF wave electric field parallel to the toroidal electric field, an RF sheath can occur near a metallic wall, where this is cut by a line of static magnetic field. Consequently, the plasma ions in the sheath can be accelerated and produce gas desorption by impact on the metallic walls. This phenomenon is important for operating frequencies less than 100 MHz owing to the fairly strong acceleration of the ions in the sheaths and to the wider extension of the propagation region of the RF wave in the scrape-off plasma in the poloidal and toroidal directions. With this condition, the recycling can be affected, producing an increase of the plasma density during RF injection.
INTRODUCTION
A common feature of the experiments on tokamak plasma heating by ion Bernstein waves (IBWs) is an increase in the observed line averaged plasma density [l-41 and a peaking of the density profile [4, 51. During the fast-wave ion cyclotron radiofrequency (ICRF) experiments, an increase in plasma density has been observed which, however, is much weaker than that during the IBW experiment, in which the strong increase can give rise to plasma disruptions. It has been proposed [6] that IBW could improve particle confinement via a nonlinear wave interaction with the plasma ions in the plasma core, thus causing the observed effects on the plasma density during the IBW pulse. Nevertheless, this hypothesis was not supported by any evidence of a reduction of the H, signal level during the IBW experiment on PBX-M cf = 47 MHz, P I 1 MW) [5] . On the other hand, during the recent IBW experiment on JIPP T-IIU [4] operating at a frequency of 130 MHz, the intensity of the H, line near the antenna was observed to decrease during IBW injection, suggesting an improvement of the particle confinement,
In this Letter we discuss the possibility that RF sheaths [7, 81 are formed during IBW plasma heating and become a source of energetic ions. The energetic ions can cause gas desorption by impact on the metallic walls [9] and sputtering of impurities. By affecting the recycling, the gas desorption can be responsible for the observed rise of the plasma density during IBW heating (IBWH). Moreover, the RF sheaths can produce an increase of the potential in the scrape-off plasma [ 101 which could affect particle confinement by inducing poloidal E x B particle fluxes.
It has been recognized [ 1 1, 121 that the impurity influx observed during the ICRF experiment comes not only from the Faraday screen but also from metallic walls located far away from the antenna. The RF sheaths occur wherever a line of the static magnetic field cuts a metallic wall and where a component of the RF electric field parallel to a line of the static magnetic field is present. In the ICRF experiments, where a fast wave is launched with the electric field polarized perpendicularly to the toroidal magnetic field, the parallel electric field can be supplied by surface torsional-like waves radially evanescent, which are excited owing to the misalignment of the elements of the Faraday shield along the static magnetic field. These waves are estimated to collect a few per cent of the launched RF power and can propagate in the scrape-off plasma, causing the RF sheaths on metallic walls located far away from the antenna. A suggestion for alleviating this problem is to align the elements of the Faraday screen along the magnetic field, thus reducing the fraction of the spurious parallel component of the electric field Ell.
In the IBWH scenario [13] an electron plasma wave is launched with electric field parallel to the toroidal magnetic field. This wave, which propagates in the plasma The wave propagates radially into the plasma, but we expect the parallel electric field Ell to persist, with significant intensity, in the scrape-off plasma in a region distant from the antenna in the toroidal direction of the order of the parallel wavelength All. In this region, if a line of the static magnetic field cuts a metallic wall with angle 6 >> 0 (see Fig. l ), an RF sheath sustained by the parallel electric field Ell can develop, provided that the plasma density is high enough, so that ape >> wo. Under this condition the electrons shield the RF field far away from the metallic wall and cause the sheath, which produces a rectification of the RF potential and a local increase of the plasma potential. Moreover, if the operating frequency is low enough so that ADe/vi << ut' (ADe is the Debye length and vi the ion velocity), the ions can gain their full energy in the sheath.
RF SHEATHS IN THE FARADAY SHIELD GAP
In the present Letter we examine the possibility of RF sheath formation during the IBW experiment, considering the parameters of the recent IBWH experiment on During the experiment a loop antenna similar to that of the ICRF experiment, but rotated by 90" for slow wave launching, was employed. The antenna was able to launch waves with a broad 1 1 1 1 spectrum peaked around nil = 5, which corresponds to a wavelength of All = 1-3 m for more than 50% of the injected RF power spectrum. The a gap of L = 9 mm, which are oriented perpendicularly to the static magnetic field. For an injected RF power of 1 MW, we expect a voltage across the antenna of about 50 kV, which corresponds to a potential drop of about 0.7 kV in the gap between the two elements of the Faraday shield. For simplicity, we examine the sheaths that can occur on the Faraday shield of the antenna (see Fig. 2 ), but the analysis can be extended to any metallic wall cut by a line of the static magnetic field, located in a plasma region where the RF parallel electric field is strong enough. During a typical IBW deuterium plasma discharge, the scrape-off plasma density measured at the radius of the vacuum vessel at a toroidal position about 2 m from the antenna is of the order of 10" ~m -~, while the ion and the electron temperatures are about 20 eV. Owing to the ponderomotive effects produced by the RF electric field,
FIG. 3. Energy Jux per particle for ions (continuous lines) and electrons (dotted line) obtained by numerical simulation of the RF
sheath for plasma densities of 10" cmW3 ( Fig. 3(a) ) and IO" C M -~ (Fig. 3(b) ). The PBX-M scrape-off plasma parameters are assumed. LETT ER S the plasma density expected near the antenna is about 10 lo cm-3 [ 151 corresponding to an electron plasma frequency upe > wo. Therefore, the electron plasma wave can propagate in the scrape-off region near the Faraday shield and the metallic wall of the vacuum chamber, up to the layer of the IBW mode transformation upl = uo, which occurs at a plasma density of about 10" ~m -~.
We have evaluated the energy of the ions accelerated in the sheath with a numerical code [16, 171 that calculates, in the l-D space of the gap, the 3-D orbits of the plasma particles in velocity space together with the selfconsistent electric field. The plasma parameters relevant for the IBWH experiment on PBX-M have been considered. Figure 3 shows the calculated energy flux per particle for ions and electrons in two cases of different plasma densities in the gap: n 2 10'' cm-3 (density values expected near metallic walls far from the IBW antenna) ( Fig. 3(a) and n = 10" (value expected in the gap occurring on the Faraday shield during an RF pulse) ( Fig. 3(b) ). We observe that in the case of high plasma density, the ions can gain their full energy in the sheath, and in the case of the lower plasma density the maximum gained energy is about a factor of 3 lower. This result can be explained by considering that for a plasma density of 10" ~m -~, the dimension of the RF sheath is of the order of ADe = 0.1 mm and the transit time of the ions in the sheaths is of the order of 7 i=: XDe/vl 5 5 X s; this time is lower than the RF period fol = 2 X lo-* s, so the ions can follow a quasi-static electric field and in the sheath can gain their full energy. For a plasma density of c 1O' O the transit time becomes of the same order as the RF period and the ions cannot gain full energy.
The energy range of 0.2-0.7 keV of the ions accelerated by the sheath occurring on the Faraday shield lies near the maximum cross-section for hydrogen or deuterium desorption by ion impact [9] and for physical sputtering of impurities [ 18, 191. 
RF SHEATHS OCCURRING FAR AWAY FROM THE IBW ANTENNA
The effect of ion acceleration caused by RF sheaths, which occurs on metallic walls located far away from the antenna, depends mainly on the spatial trend of the component of the electric field parallel to the static magnetic field. The previous analysis of the RF sheath in the Faraday shield can be easily extended to any metallic wall cut by a line of the field E,. We have evaluated the spatial distribution of the electric field of the slow electron plasma wave launched by the IBW antenna propagating in the scrape-off plasma region using a numerical code that evaluates the field of the launched waves by taking into account the effects of the finite Larmor radius [20] . The calculated behaviour of the component E, with increasing distance from the antenna in the toroidal direction is shown in Fig. 4 . We observe that at distances greater than 1 m, the E, component is reduced by a factor of 5. The plasma density near the metallic walls of the vacuum chamber is of the order of 10" ~m -~, so the ions can gain their full energy from the sheath; consequently the energy gained by the ions in the sheath is of the order of 0.1 keV. At this low level of energy, the incident ions are reflected by the metallic wall and the desorption crosssection decreases. In this condition, the role of the sheaths in producing gas desorption and impurity influx becomes less important [2 1, 221.
EFFECT OF INCREASE OF OPERATING FREQUENCY ON THE BEHAVIOUR OF RF SHEATHS
We have examined the problem of the RF sheaths for the parameters of the next IBW experiment on FTU [23], which will operate at a frequency of 433 MHz, higher than in all the previous IBW experiments. The spatial behaviour of the E, component of the electric field of the electron plasma wave propagating in the scrape-off plasma region is shown in Fig. 5 . We observe that the amplitude of the field near the antenna is an order of magnitude lower than in the case of PBX-M. Moreover, owing to the higher operating frequency for the case of FTU, the E, value becomes an order of magnitude lower at distances a few centimetres from the antenna. This decrease of E, with distance from the antenna in the toroidal 'direction is much stronger than in the case of PBX-M. Moreover, the ions do not gain their maximum energy travelling through the sheath because the transit time becomes comparable with the wave period. Therefore, we can conclude that the role of the RF sheath in accelerating ions would not be important in the next FTU experiment, owing to the high operating frquency .
Nevertheless, a slight increase of the scrape-off plasma potential in the plasma regions near the RF sheaths where upe >> wo should persist also at high operating frequencies.
CONCLUSIONS
We can conclude that the phenomenon of the RF sheath is more important for IBW experiments than for ICRF experiments in which the Faraday shield elements are not aligned with the static magnetic field. In IBW experiments, the rectification of the RF field can occur in the Faraday shield and also on the metallic walls away from the antenna, owing to the large value of the parallel component of the electric field Ell of the launched wave. During the IBW experiment on PBX-M, operating frequencies of 5 : 40-60 MHz, the RF sheaths can develop on metallic walls located up to a distance of the order of 1 m from the antenna and can become sources of energetic ions. The ions can produce gas desorption by impact on the metallic walls, which affects the recycling and sputtering of impurities. These phenomena can be related to the increase of the plasma density and to the influx of impurities observed during the experiments. A reduction of the influx of impurities from the metallic walls and from the Faraday shield should be obtained by employing coatings of, for example, T i c or B4C.
During the IBWH experiment on JIPP T-IIU, which operated at a frequency of 130 MHz, the observed reduced influx of impurities with respect to the previous experiment at 40 MHz can be related to the reduced efficiency of the RF sheaths in accelerating the ions, owing to the higher operating frequency. A similar result is expected for the next IBW heating experiment on FTU.
The process described in the present Letter does not exclude accompanying phenomena related to other observations during the IBW experiments. In particular, the evidence of the peaking of the density profile and the reduction of the H, signal observed on JIPP T-IIU could be due to an improvement of confinement particles produced by IBWs [6] and/or by an increased potential in the scrape-off plasma due to the RF sheaths, which is expected also at high operating frequencies.
